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The role of ocean color in the climate system is investigated with a fully
coupled ocean, atmosphere, land and ice model. Oceanic shortwave radia-
tion penetration depends on chlorophyll concentration. Removing all chloro-
phyll from the ocean produces a permanent El Nino state with off-equator

chlorophyll being most important. The results imply a positive feedback be-

tween chlorophyll concentration and a non-local coupled response in the ocean-

atmosphere system.

DRAFT May 1, 2006, 4:19pm

DRAFT



ANDERSON ET AL.: THE ROLE OF OCEAN COLOR IN GLOBAL CLIMATE X-3

1. Introduction

The importance of ocean circulation on biological processes and carbon sequestration
is well established Gnanadesikan et al. [2004]; Sarmiento and Toggweiler [1984]; Wat-
son and Liss [1998]. While impacts of ocean biology on global scale circulation have
been explored they are not well understood Sweeney et al. [2005]; Morel [1988]; Manizza
et al. [2005]; Rosati and Miyakoda [1988]; Schneider and Zhu [1998]; Murtugudde et al.
[2002]; Nakamoto et al. [2001]; Shell and Nakamoto [2003]. A number of studies have
suggested links between chlorophyll, shortwave absorption and circulation Siegel et al.
[1995]; Stramska and Dickey [1993]. Chlorophyll, a photo-active pigment, absorbs certain
bands of radiation primarily in the red and blue/violet region Siegel and Michaels [1996].
The specific wavelengths and amounts absorbed depend on the type of chlorophyll and
its concentration. Infrared radiation (wavelengths > 700 nm) is absorbed by water itself
in the first two meters of the ocean Manizza et al. [2005]. Shortwave radiation (which
includes ultraviolet and visible light) has the potential to penetrate far deeper. The depth
range within the water column over which shortwave energy is absorbed is important in
establishing the ocean mixed layer depth (MLD) Siegel et al. [1995]; Stramska and Dickey
[1993]. The effect of including ocean color is to reduce the shortwave penetration depth
and the potential for mixing driven by static instability near the base of the mixed layer
Siegel et al. [1995]; Stramska and Dickey [1993]. As a result, the mixed layer shoals, the
thermocline strengthens and the effectiveness of turbulence is reduced. Reduction of MLD
reduces the heat capacity of the mixed layer and results in the mixed layer properties being

more sensitive to atmospheric conditions.
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In the absence of other feedbacks, the addition of chlorophyll results in warmer sea
surface temperatures (SSTs) and less mixing up of nutrient rich water. This leads to the
aesthetically attractive implication that chlorophyll concentrations are self-limiting T%im-
merman and Jin [2002]; Marzeion et al. [2005]. However, ocean-only general circulation
model (OGCM) studies imply the opposite is true for the equatorial east Pacific. Decreas-
ing the models’ shortwave penetration depth results in increased upwelling and surface
cooling of a degree or less Sweeney et al. [2005]; Manizza et al. [2005]; Schneider and
Zhu [1998]; Shell and Nakamoto [2003]; Nakamoto et al. [2001]. This study investigates
whether coupled feedbacks amplify or damp the changes in ocean-atmospheric circulation

induced by ocean biology.

2. Models and experiments

The ocean model used in this study is the Hallberg Isopycnal Model (HIM) Hallberg
[2003, 2005]. HIM is run at a resolution that is 1° in latitude and longitude, with merid-
ional resolution equatorward of 30° becoming progressively finer, such that the meridional
resolution is 3/8° at the Equator. HIM is coupled to the atmosphere, land and ice com-
ponents used in the GFDL global coupled climate model Delworth [2006].

The impact of ocean color on shortwave penetration into the water column is included
using an irradiance parameterization proposed by Manizza et al. (2005) Manizza et al.
[2005]. The scheme parameterizes the effect of ocean color in terms of chlorophyll-a
concentrations (Fig la). Figure 1b shows the potential heating by the absorption of
shortwave radiation as predicted by this scheme as a function of depth and chlorophyll

concentration; the heating differential due to increasing chlorophyll concentrations is high
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in the first few tens of meters Morel [1988]. With a much deeper clear-water reference
than previous algorithms, there is shortwave induced heating at depths well beyond 100
m. This heating becomes significant when integrated over decadal and larger time-scales.

Initially, two global simulations are run using the simulation protocol for the 1990
control runs with the GFDL coupled climate model Delworth [2006] in which aerosols and
greenhouse gasses were held constant at modern levels. The experiments for this study
were run for 100 years in order to establish surface biases Gnanadesikan et al. [2005]. One
simulation (Green) uses the monthly mean climatology for chlorophyll-a to determine the
shortwave penetration depth (Fig. 1a). We utilized satellite chlorophyll from the SeaWiF'S

1. In the other simulation (Blue), chlorophyll-a is

monthly composite from 1998-2004.
set to zero to emulate the shortwave penetration depth of optically pure water. Results

are shown as averages over the 100 year time period (Fig. 1b,1c,1d).

3. Results and discussion

While the extra-tropical ocean appeared to follow the relationship described earlier (the
addition of chlorophyll leading to shoaling of the mixed layer and surface warming), the
substantially cooler Green tropical Pacific SSTs (comparable to a permanent La Nina, Fig
1c) coincided with a shallower mixed layer (Fig. 2a). Despite the cooler SSTs, the depth
integrated transport of heat out of the tropics is 10 % larger in the Green simulation.

To understand why the presence of chlorophyll results in a surface cooling in the equa-
torial Pacific we examine the steady linearized off-equatorial momentum balance in the

mixed layer. Following Sweeney et al. (2005),
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T. n
M, = / P+ R 1
M, po+ MLD P, Ox “t (1)

where —f M, is depth integrated Coriolis force. Here, f is the Coriolis parameter and
M, is the meridional transport, 7, is the east-west wind stress, p, is a reference density
for seawater,dp/0z is the east-west pressure gradient which is integrated from the surface
(n) to the base of the mixed layer (M LD) and R is the residual. By considering the
individual terms in this equation we can diagnose possible mechanisms for the increased
transport. To limit the amount of coupled adjustment, model averages from the first five
years are examined. The terms in equation 1 are calculated from these averages and the
differences (Green— Blue) plotted in figure 2b. The difference in depth integrated Coriolis
force (Green and Blue) cannot be explained by the difference in the wind stress, it is the
wrong sign. Significant differences appear in the geostrophic term (second term RHS of
equation 1) when it is integrated over the MLD. The shallower MLD in the Green (Fig
2a) simulation results in a weaker equatorward geostrophic acceleration. This, in part,
explains the net increase in equatorial poleward meridional acceleration in the Green
simulation.

The effect of ocean color on the magnitude and phase of the SST seasonal cycle is
consistent with previous studies Schneider and Zhu [1998]; Shell and Nakamoto [2003].
In the Green simulation, summer hemisphere SSTs tends to be warmer and in the high
latitudes winter hemisphere SSTs cooler (Fig 1b-1c). Additionally, the shallower mixed
layer has a smaller heat capacity, leading to an increased sensitivity to seasonal forcing. In

the winter hemisphere there is surface cooling in the Green simulations due to mixing up
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of subsurface water that had been shaded (cooled) by the chlorophyll. In some previous
studies the chlorophyll-induced winter hemisphere cooling is strong enough that runs
with chlorophyll were cooler than the control run experiments over the winter hemisphere
Shell and Nakamoto [2003]. By contrast, the Green simulation remains warmer than
the Blue throughout the year when a hemispheric average is taken. The difference in
hemispherically averaged SST between the ocean color and control runs is systematically
0.2° higher in these coupled model simulations when compared with previous results Shell
and Nakamoto [2003].

While the pattern of atmospheric response to adding ocean color is consistent with the
results of Shell et al. Shell and Nakamoto [2003], the magnitude of the response is three
to five times larger in this study (Fig. S1-S2). This is due to coupled feedbacks. The
equatorial zonal wind strengthens in the runs with chlorophyll. This can be explained,
at least in part, by the increased zonal SST gradient set up by the strengthened cold
tongue in the equatorial Pacific. The cooler SSTs also result in decreased equatorial
convection and a weakened Hadley circulation. Large changes in the mean states of
precipitation are confined to the tropics(Fig. 1d). The western Pacific precipitation is
shifted westward in Green compared to Blue, consistent with the changes in the local
SSTs(lower temperatures implying less convection).

It might be suspected that the high concentration of chlorophyll along the eastern
equatorial Pacific is responsible for the increased upwelling in that region. However, the
off-equator depth-integrated meridional acceleration differences shown in figure 2b suggest

that the cause for this cooling could be nonlocal (off equator). To test this, three additional
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simulations are run where values falling between latitudinal bands in the Pacific are set
to zero; 5°N and 5°S (ZF), 5°N to 10°N and 5°S to to 10°S (Z5-10) and 5°N to 20°N and
5°S to to 20°S (Z5-20).

The ocean-atmosphere patterns shown in the Green — Blue mean state differences
develops and persists in the Z5_10 and Z5_20 but not the zero-ed equator (ZE) simulation
(Fig 3). The cooling of the Equatorial Pacific cold tongue by ocean color is not due to
local mechanisms.

Figure 2c¢ summarizes the proposed mechanism for the equatorial Pacific ocean-
atmosphere response to the presence of chlorophyll. The ocean’s immediate response
to the presence of chlorophyll is two-fold- a shoaling of MLLD and warming of SST, and a
cooling of subsurface water due to chlorophyll shading. Assuming that at least initially
the wind stress is the same (Fig. 2b), equation 1 implies a net increase in poleward surface
transport and consequently equatorial surface divergence (Fig 2b). Increased equatorial
upwelling follows. This increase in upwelling combined with the cooler subsurface wa-
ter (due to shading) leads to cooler equatorial SSTs, overwhelming the direct shortwave
heating tendency in the mixed layer (Fig. 1b,1c). The atmosphere adjusts accordingly.
The Hadley circulation weakens, precipitation shifts westward (Fig. 1d) and the Walker
circulation shifts and intensifies Bjerknes [1969a]. The ocean adjusts to atmosphere, fol-
lowing the classic Bjerknes feedback Neelin et al. [1998]; Bjerknes [1969b]. However, the
increased upwelling does not lead to increased formation or volume of light subtropical

water (as occurs during an El Nino). This may be due to shading by the off-equator
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chlorophyll. The weak shoaling of the mixed layer (Fig 2a) and the results of the second

set of simulations imply that the increase in divergence is established off-equator.

4. Conclusions

Two new and important implications arise out of this study. First, the chlorophyll
responsible for the cooling and increased upwelling in the equatorial Pacific is located off-
equator. These regions contain low chlorophyll concentrations so that colored dissolved
organic matter, which has a much longer lifetime than phytoplankton, may play a larger
role in setting the optical properties. The increased upwelling in the equatorial Pacific
implies an increase in available nutrients for chlorophyll-producing phytoplankton. The
ocean-atmosphere response to the off-equator chlorophyll suggests possible positive feed-
backs when active biology is included. The second implication arises from the connection
between off-equator MLD and equatorial SST shown in the model results. The trigger
for this mechanism need not be limited to shortwave penetration. Any phenomenon that
results in a large enough perturbation in mixed layer depth in the off-equator region could
be a viable candidate. Many climate models show a cold tongue bias in the eastern Pacific
Davey et al. [2000]. This could be due to underestimation of mixing in the off equatorial

regions.
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Figure 1. Annual maximum of SeaWiFS surface chlorophyll-a concentrations (a).
Monthly mean SST difference between Green and Blue experiments for January (b) and

July (c)and precipitation rate (d).
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NINO3 Region, mean values for years 1-5
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Figure 3. Mean SST difference (for years 1-20) between Green and simulations where
chlorophyll has been removed in the regions indicated by the dashed boxes: Globally (a),

5S to 5N (b), 5N to 10N and 5S to 10S (c) and 5N to 20N and 5S to 20S (d).
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Figure 4. Supplemental: Figure S1. 100 year mean zonal wind velocities (Green —

i
150°F 170°F 170°W 150°W 130°W

Blue) for the region 140E-90W, 5N-5S. The velocity differences indicate a strengthening

in the Walker circulation with the addition of chlorophyll.
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Figure 5. Supplemental: Figure S2. 100 year mean meridional wind velocities
(Green — Blue) for the region 140E-90W, 30N-30S. The velocity differences indicate a

weakening in the Hadley circulation with the addition of chlorophyll.
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